Introduction
Most studies of riparian zone hydrology and contaminant fate and transport have focused on the more easily observed and understood Hortonian flow mechanism. Historically, limited research has been reported on ground water seepage and solute transport by the preferential flow pathways (PFPs) from which ground water seeps commonly originate. The reason for limited research has been the inherent difficulty in identifying such points of heterogeneity in the near-bank ground water zone (Fox and Wilson, 2010) . As pointed out by Wagenet and Chen (1998) , rapid pulses of contaminants may occur from a small fraction of fast flow pathways.
Large-scale heterogeneity in riparian floodplains has been frequently recognized even within coarse gravel deposits (Naiman et al., 2005; Fuchs et al., 2009; Heeren et al., 2010; Miller et al., 2010) . Paleochannels, or linear deposits of coarsegrained sediments, exist across floodplains and link modern channel flows to distal floodplain areas (Poole et al., 1997; Naiman et al., 2005) . Stanford and Ward (1992) and Amoros and Bornette (2002) pointed out that surface water/ground water exchanges link stream channels to the entire floodplain. Modica et al. (1998) documented the influence of heterogeneity in riparian areas next to streams and their effect on source area locations for ground water seepage and the distributions of ground water residence times.
More recent research has further documented that nearbank ground water discharges to streams at focused as opposed to diffuse points. This focused seepage can influence flow and sediment, nutrient, and contaminant loads entering streams (Duval and Hill, 2007; Fox et al., 2007; Wilson et al., 2007; LaSage et al., 2008; Fuchs et al., 2009; O'Driscoll and DeWalle, 2010) . The Committee on Hydrologic Sciences of the National Research Council (NRC, 2004) identified several research needs in regard to ground water fluxes across interfaces and prioritized the need to determine the relative importance of diffuse versus focused recharge/discharge in specific hydrogeologic settings (LaSage et al., 2008) .
One mechanism for the occurrence of focused discharge points is due to PFPs in the alluvial subsurface Hill, 2006, 2007; Fox et al., 2007; Wilson et al., 2007; LaSage et al., 2008; Chu-Agor et al., 2008 Heeren et al., 2010) . Hill (2006, 2007) used bromide and nitrate injection into a streambank to document streambank seepage in poorly sorted gravel PFPs in two riparian floodplains. Their primary conclusion was that sustained seepage during low flow conditions may impact riparian zone nitrogen cycling. Fox et al. (2007) and Wilson et al. (2007) Furthermore, consider that the primary mechanism by which phosphorus is transported from uplands to streams is usually considered to be surface runoff, with subsurface transport assumed negligible. Fuchs et al. (2009) investigated subsurface movement of phosphorus in riparian floodplains in eastern Oklahoma with alluvial, gravel subsoils. Phosphorus has been a primary water quality concern in this watershed (Andrews et al., 2009) . Their work included a trench injection and monitoring system approximately 15-20 m from the Barren Fork Creek with observation wells installed within a 7-8 m radius of the trench. The dimensions of the trench were approximately 0.5 m wide by 2.5 m long by 1.2 m deep. The bottom of the trench was located approximately 25-50 cm below the interface between the topsoil and gravel layers. The bottom was left open to allow water to infiltrate directly into the gravel layer. They discovered that the movement of a Rhodamine WT (RhWT) and phosphorus co-injection occurred rapidly in PFPs. At the same riparian floodplain site, investigated the floodplain-scale transport of RhWT along a PFP, infiltration of RhWT into the alluvial ground water system, and then transport in the alluvial system as influenced by the floodplain-scale stream/aquifer dynamics. They concluded that spatially variable PFPs, even in the coarse gravel subsoils, affected water level gradients and the distribution of dye into the shallow groundwater system. The objective of this research was to build upon the previous floodplain-scale investigations of PFPs (Fuchs et al., 2009; Heeren et al., 2010) by analyzing seep discharge and transport characteristics through a single PFP. A trench injection system was used to artificially induce ground water heads on the alluvial system with: (1) simultaneous co-injection of potassium chloride (KCl) tracer and RhWT, (2) measurement of the seep discharge, and (3) development of breakthrough curves for RhWT and electrical conductivity (EC) (see Supplemental video, Streambank Seep).
Unique to this research was the quantification of PFP hydraulic parameters, the determination of the required hydraulic head required to induce seepage flow through the PFP, and the investigation of flow and transport dynamics in this specific PFP as opposed to the larger-scale studies previously mentioned (Fuchs et al., 2009; Heeren et al., 2010) . The trench injection system allowed for a unique analysis of this identified PFP through inverse modeling with both equilibrium and nonequilibrium transport models. A significant research question was whether the gravel PFP could be conceptualized as a homogeneous, one-dimensional flow path, assessed based on the ability of such models to predict the observed concentration breakthrough for the tracer and RhWT. Finally, these inversely estimated parameters provided information on the potential transport of more reactive solutes (e.g., phosphorus) through PFPs.
Materials and methods

Barren Fork Creek floodplain site
The study site was located in a riparian floodplain in the Ozark region of northeastern Oklahoma adjacent to the Barren Fork Creek. The erosion of carbonate bedrock (primarily limestone) by slightly acidic water has left a large residuum of chert gravel in Ozark soils, with floodplains generally consisting of coarse chert gravel overlain by a mantle (1-300 cm) of gravelly loam or silt loam. The site ( Figure 1, Heeren et al. (2010) also performed floodplain-scale electrical resistivity imaging which indicated the presence of a layer of clean, coarse gravel at the location of the PFP. Disturbed gravel samples were obtained from the streambank for the seep and soil material surrounding the seep. Percent of soil particles less than 2.0 mm in the PFP and in streambank samples surrounding the PFP were approximately 6% and 20% by mass, respectively .
Significant streambank erosion since the original trench installation in 2007 had resulted in lateral movement of the creek towards the trench and exposed a single, identifiable PFP adjacent to the streambank (Figure 1 ). At the time of this experiment, the trench was approximately 2.0 m away from the streambank with many of the observation wells installed by Fuchs et al. (2009) and Heeren et al. (2010) removed by streambank migration. The exposure of this single PFP allowed a quantification of a single PFP's hydraulic parameters, the determination of the required hydraulic head required to induce seepage flow through the PFP, and the investigation of flow and transport dynamics in this specific PFP as opposed to the larger-scale studies previously mentioned where transport was influenced by potentially multiple PFPs (Fuchs et al., 2009; Heeren et al., 2010) .
Seep flow rate measurements
A series of artificially-induced seep discharge measurements were made by generating different hydraulic heads in the trench, located approximately 2.0 m from the seep, and measuring the seepage outflow at the streambank face ( Figure 2 ). Hydraulic heads were induced by pumping water at a constant rate from the Barren Fork Creek into the trench using a gasoline-powered water pump (American Honda, Alpharetta, GA). A preliminary pumping period was included (5-10 min) prior to measuring the seepage discharge at each of the cor-responding hydraulic heads (i.e., approximately 65, 100, 115, and 125 cm above the seep outflow point). Seep flow was measured using lateral flow collection flumes, as used by and Wilson et al. (2007) , installed just below the seep emergence point. Triplicate measurements of the seep flow were obtained by determining the time required to fill a container of known volume to a specific depth. The average and standard deviations of the seep discharge were calculated and compared relative to the hydraulic head induced in the trench. A sigmoidal function, as used by Fox et al. (2007) , was inversely fit to these data to describe the seep discharge versus head relationship.
KCl and Rhodamine WT injection tests
A 125-cm hydraulic head above the seep outflow point was induced by pumping water from the Barren Fork Creek into the trench at approximately 190 L/min for roughly 30 min before injecting KCl and RhWT. This preliminary pumping period was intended to achieve steady state flow in the PFP prior to injecting the tracers. Samples from the trench (grab sample from the middle of the trench) and steady-state seep flow (grab sample of seep discharge flowing through the lateral flow collection flume) were taken prior to the injection to quantify initial conductivity (185 μS/cm) and fluorescence (less than 10 μg/L) concentrations. Initial concentrations were approximately equivalent between the trench and seep water.
About 50 L of a 100 mg/L KCl (i.e., 50 mg/L Cl − ) and 60 mg/L RhWT solution were input into the trench from an inflow tank over a 60-min period. The tracer and RhWT solution was dispersed as much as possible using a PVC T-joint. Injection from the inflow tank to the trench was initiated by opening a valve, whose position remained constant throughout the experiment. Therefore, as the head in the inflow tank decreased, the mass flow rate of the KCl and RhWT solution decreased into the trench, leading to a trench concentration that increased to a peak, declined exponentially, and then decreased sharply after the 60-min injection period. While this injection strategy failed to produce a Dirac or pulse input boundary condition, the actual input boundary condition was numerically modeled with both equilibrium and nonequilibrium conventional convective-dispersion equations (CDEs) using step impulses.
Continuous manual stirring of the trench throughout the 125-cm head occurred during the injection in an attempt to create as uniform a boundary condition as possible. Dur- ing and after the injection, samples were obtained from the trench (grab sample from the middle of the trench) and the seep (composite sample from discharge flowing through the lateral collection flume) at equivalent times. Samples were transported back to the laboratory for analysis. Electrical conductivity was measured using an OAKTON pH/CON 510 conductivity meter (OAKTON Instruments, Vernon Hills, IL) with a range of 0-1999 μS/cm and resolution of 1 μS/cm for EC. The RhWT concentrations were measured with a Trilogy laboratory fluorometer (Turner Designs, Inc., Sunnyvale, CA), which had a minimum detection limit of 10 μg/L.
Transport modeling with CXTFIT
Flow through the PFP and emerging as a seep at the streambank was idealized as one-dimensional flow through saturated porous media. One research question was whether a one-dimensional solution could represent the observed concentration breakthrough curves. One-dimensional solutions to the CDE may not be valid and fit the breakthrough data if the vertical thickness or width of the PFP changes along the 2 m flow path. The EC and RhWT concentration breakthrough curves were modeled using CXTFIT (version 2.1) (Toride et al., 1999) , a model used extensively for simulating solute transport through soils (e.g., [Beven et al., 1993; Gwo et al., 1995; Baumann et al., 2002; Lee et al., 2002) . CXTFIT solves various boundary value, initial value, and production value problems (Toride et al., 1999) . The program uses a nonlinear least-squares parameter optimization method to derive solute transport parameters for various model formulations. The equilibrium CDE with the assumptions of steady-state flow, no degradation of the solute in the liquid or adsorbed phases, and no production of the solute within the simulation domain is given by the following equation:
where c is the concentration of the solute in the liquid phase, D (h) is the dispersion coefficient, v is the average pore-water velocity, t is time, x is the spatial distance, and R is the retardation coefficient given by the following equation:
where ρ b is bulk density, θ is the volumetric water content, and K d is the distribution coefficient for sorption (Toride et al., 1999) .
The model also solves a two-site (TS) chemical nonequilibrium model and a two-region (TR) physical nonequilibrium model (Brusseau et al., 1991; Brusseau, 1998; Wilson et al., 1998) . These two models can be expressed by the same dimensionless equations for linear sorption and steady-state water flow (where degradation and solute production has been appropriately neglected for this research):
∂T where the subscripts 1 and 2 refer to equilibrium and nonequilibrium sites, respectively, C is the dimensionless concentration (c/c o, where c o is the input concentration), T is dimensionless time, Z is dimensionless distance, P is the Peclet number (Equation (5)), β is a dimensionless partitioning coefficient (Equation (6)), and ω is a dimensionless mass transfer coefficient (Equation (7)): where f is the fraction of equilibrium exchange sites, θ m is the volumetric water content of the mobile fluid region, L is a characteristic length scale, and  is a first-order mass transfer coefficient (Toride et al., 1999) .
The EC and RhWT input boundaries at the trench were input as a series of step impulses into CXTFIT because of the inflow strategy. Following the procedure by Pang and Close (1999) , equilibrium and TR models in CXTFIT were first applied to the seep EC data with R = 1. The equilibrium model was used to inversely estimate v and D (h) . The TR model examined the presence of physical nonequilibrium of the conservative solute and inversely estimated v, D (h) , the fraction of immobile water (i.e., β = θ m /θ), and ω. The β value was used to assess the importance of physical nonequilibrium: β < 1 suggested some fraction of immobile region water (Pang and Close, 1999) .
Equilibrium and nonequilibrium models were fit to the RhWT data, assuming that v and D (h) derived from the EC modeling were solute independent. Sorption was included (R > 1) for RhWT since RhWT is known to slightly sorb in some subsoils (Sabatini, 1999; Sutton et al., 2000; Flury and Wai, 2003) . Note that chemical nonequilibrium has been reported to occur for fluorescent dyes, increasing the spreading of dye breakthrough curves (Sabatini, 1999) .
Results and discussion
The seep emerged at the streambank in a coarse gravel layer approximately 50 cm wide and 10 cm thick (see Supplemental video, Streambank Seep). It was approximately 1.9 m below the ground surface, which was consistent with previous characterization of the PFP using electrical resistivity . The PFP from which the seep originated was clean gravel surrounded by gravel with finer particles (Figure 2 ). The percent of material finer than 2.0 mm confirmed this observation. Furthermore, disturbed samples and electrical resistivity measurements from the PFP closely mimicked samples from a recent gravel bar deposit just upstream of the seep Miller et al., 2010) . These results supported the hypothesis that the PFP was a buried gravel bar.
The PFP required approximately 40 cm of hydraulic head for flow to emerge at the streambank (Figure 2) . The reason for this minimum head requirement was that the gravel and finer material surrounding the PFP possessed a relatively large hydraulic conductivity and therefore promoted significant mass transfer into the soil in the up-gradient section of the PFP. Heeren et al. (2010) suggested a similar phenomenon when observing results from a floodplain-scale RhWT injection study. Their study demonstrated that the transport of RhWT was affected by the PFP but also mimicked the general ground water flow direction as water containing the tracer recharged the ground water system. Therefore, at smaller hydraulic heads, the PFP may impact the distribution of water and solutes in the floodplain without surfacing at the streambank.
As the head above the seep increased, discharge from the seep reached a maximum of approximately 3.5 L/min ( Figure  2) . In order to generate a hydraulic head of 125 cm above the seep, the required pumping rate into the trench was approximately 190 L/min. Therefore, flows emerging at the streambank through this particular PFP represented approximately 2% of the total flow injected into the trench. The hydraulic heads induced on the seep were reasonable compared to flow rates reported by other studies when measuring natural streambank seeps. Fox et al. (2007) and Wilson et al. (2007) reported seep flow rates on the order of 1.0 L/min. A one-dimensional conceptualization of the PFP flow was more reasonable at higher heads when exfiltration into non-PFP subsoil was hypothesized to be small compared to discharge through the PFP.
Background EC levels were approximately 185 μS/cm; no detectable (i.e., less than 10 μg/L) RhWT was measured in background samples. The injected KCl solution increased the trench EC to a 500 μS/cm peak concentration, and the RhWT injection resulted in peak RhWT concentrations slightly less than 400 μg/L. The RhWT was visually observed in the seep less than two to three minutes after injection into the trench was initiated (see Supplemental video, Streambank Seep). Also, as observed by Fuchs et al. (2009) and Heeren et al. (2010) , RhWT was detected in the two observation wells that surrounded the seep during injection, but not in other adjacent observation wells located equivalent distances from the trench.
The shape of the step impulses input into CXTFIT for the trench mimicked the measured trench EC and RhWT concentrations (Figure 3 ). Nine step impulses were used for the EC boundary condition (Figure 3a) , and twelve step impulses were used for the RhWT boundary condition (Figure 3b) . The number and duration of step inputs for EC and RhWT were fit by trial and error to obtain the best match to the input boundary condition. The equilibrium CDE with no retardation was able to match the observed EC breakthrough curve with a coefficient of determination, R 2 , of 0.94 (Figure 4a the trench, so values derived in this research were deemed reasonable based on the fact that the previous estimate was an integrated measurement over PFP and non-PFP flow domains.
The large D (h) and therefore small Peclet number suggested that the 2-m long PFP behaved more like a completely mixed system (dispersion dominated) as opposed to a plug flow system. Dispersion is the only cause of spreading of the breakthrough curve for EC in an equilibrium model; previous researchers have suggested that high values of D (h) may be unrealistic if physical nonequilibrium is present (Pang and Close, 1999 ). The TR model predicted an EC breakthrough curve equivalent to the equilibrium model results with an equivalent R 2 (Figure 4a ). However, depending upon the initial parameter values specified in the inverse routine, non-unique solutions were obtained for the parameter estimates and the standard errors of the inversely estimated parameters were large; therefore, physical equilibrium was assumed to be an adequate representation of the transport process.
Application of the equilibrium and nonequilibrium models to the RhWT breakthrough curves resulted in similar conclusions. The equilibrium model predicted the observed breakthrough with an equivalent R 2 = 0.91 when using appropriate parameters from the EC data ( Figure 4b ). The equilibrium model predicted a retardation coefficient, R, of 1.30, which resulted in a K d of 0.1 cm 3 /g (i.e., a highly mobile solute) when using typical values of the bulk density and porosity from Fuchs et al. (2009) . Some of the discrepancy between model predictions and observed RhWT seep concentrations was due to the limitations associated with using assumed step impulses for the RhWT input boundary condition in the trench as opposed to having real-time data for the boundary concentration (Figure 3 ). The nonequilibrium model for RhWT exhibited the same properties as the nonequilibrium model for EC: (1) it did not improve the fit between measured and observed RhWT seep breakthrough in terms of the R 2 ; (2) non-unique parameter sets were obtained depending on the initial parameter estimates; and (3) the standard errors of the inversely estimated parameters were large. Similar to the EC, equilibrium was assumed to be an adequate representation of the transport process.
The previous CXTFIT simulations provided guidance regarding reactive solute transport of phosphorus, a primary water quality constituent of concern in this watershed. Fuchs et al. (2009) reported a phosphorus K d of 4.5 L/kg for fine material (i.e., less than 2.0 mm) in the gravel substrate at the Barren Fork Creek site. Using the 6% estimate for fine material content and typical values of the bulk density and porosity, the R for phosphorus transport in the PFP would range from 2.0 to 2.4, only slightly greater than the R for RhWT. Therefore, phosphorus reaching the PFP from infiltration would be rapidly transmitted in the PFP.
Of course, phosphorus in these floodplain systems may be more associated with colloid-sized soil particles, which could still be subject to piping through the PFP (Schelde et al., 2006; Fuchs et al., 2009; Heeren, 2011) , rather than being dissolved, and therefore the calculated K d may be conceptually inappropriate. Future work is needed to investigate this question. An additional question yet to be answered is the leaching potential for phosphorus in these cherty soils. The potential for phosphorus leaching is commonly estimated based on point-measurements of soil test phosphorus (STP) or measurements of the sorption capability of disturbed soil samples representing the soil matrix. However, macropores and gravel outcrops, which have been frequently observed in these riparian floodplains, may have a significant impact on water movement to the PFPs, and current research is underway to quantify leaching potential.
Summary and conclusions
Limited data have been reported on the flow and transport dynamics of preferential flow pathways. Unique to this research was the quantification of hydraulic parameters for the preferential flow pathway (i.e., hydraulic conductivity on the order of 400 m/d and flow velocity greater than 26 m/h with a hydraulic gradient of approximately 0.63 m/m), the determination of the hydraulic head required to induce seepage (i.e., 40 cm approximately 2 m from the streambank seep), and an investigation of flow and transport dynamics in this specific pathway (i.e., conceptualization of a one-dimensional flow path) as opposed to previously-reported larger-scale studies at the site.
The pathway from which the seep originated was a localized zone of relatively clean gravel (6% fines by mass) surrounded by gravel with finer particles (20% fines by mass). For this riparian floodplain, water flowing through the preferential flow pathway moved into the gravel material in the up-gradient reaches of the PFP and in soils surrounding the pathway. Therefore, the pathway required high heads to exfiltrate the bank as a ground water seep. It may also play an influential role as a free-drainage system for the riparian area that could limit saturation-excess Hortonian overland flow to the stream. The pathway will likely be active during high stream stage periods and redistribute water and solutes across a larger area of the floodplain by bank storage of stream water.
The breakthrough curves of electrical conductivity and Rhodamine WT highlighted the almost immediate appearance of the solutes at the streambank face after injection into the trench approximately 2 m away. One-dimensional convective-dispersion models were able to match the electrical conductivity and Rhodamine WT breakthrough curves at a high hydraulic head when exfiltration into non-PFP subsoil was hypothesized to be small compared to discharge through the seep. The electrical conductivity breakthrough curve suggested physical equilibrium within the system, although transient storage of flow and solutes is expected on the boundary of the preferential flow pathway. The inversely estimated transport parameters for the preferential flow pathway, when combined with previous estimates of phosphorus retardation in these gravel soils, suggested that phosphorus reaching the pathway from infiltration would be rapidly transmitted to the stream.
